A Comparative Study on Fuel Consumption Reduction Effects of Eco-Driving Instructions Strategies by Shuichi Matsumoto et al.
A Comparative Study on Fuel Consumption Reduction Effects
of Eco-Driving Instructions Strategies
Shuichi Matsumoto & Taehwi Park & Hironao Kawashima
Received: 29 March 2012 /Revised: 21 June 2013 /Accepted: 31 July 2013 /Published online: 12 October 2013
# The Author(s) 2013. This article is published with open access at Springerlink.com
Abstract Eco-driving is expected to contribute to the efforts
to fight against global warming by reducing carbon dioxide
emissions from vehicles. It is the driving technique that enables
low fuel consumption mainly by accelerating gently at the start
and avoiding frequent accelerating and decelerating. The ef-
fectiveness of eco-driving has been assessed based on a single
vehicle; however, it remains to be investigated on multiple
vehicles. This paper assesses the effects of eco-driving when
following other vehicles on open roads under two different
instructions (Japanese eco-driving and German eco-driving) to
reduce fuel consumption based on the experiment environment
by integrating a driving simulator and a traffic simulator.
Keywords ITS . Traffic flow . Global environmental
problems
1 Introduction
The Kyoto Protocol, adopted in 1997, required Japan to
reduce its greenhouse gas emissions over the period from
2008 to 2012 to 6 % below the level in 1990. In addition, in
June 2009, Japan announced a mid-long term target to reduce
its greenhouse gas emissions by 25 % from the 1990 levels by
2020. The breakdown of carbon dioxide emissions in Japan
indicates that the emissions from transportation account for
20 % of the total, and it is mostly from vehicles. In such
situations, eco-driving is attracting attention as one of the
ways to reduce carbon dioxide emitted by vehicles.
Eco-driving is considered to be effective in improving the
fuel efficiency and is being promoted in various ways. One of
the representative activities in Japan is “10 tips for fuel-
conserving Eco-Driving” promoted by Team Minus 6 % [1].
“10 tips for fuel-conserving Eco Driving” recommends
drivers techniques such as a soft starting with gentle acceler-
ation, called “e-start”, and driving without excessive acceler-
ating and decelerating. In this paper, such driving techniques
are collectively referred to as Japanese eco-driving. On the
other hand, in Europe especially in Germany, the driving
technique to accelerate quickly to reach the fuel efficient range
as fast as possible, which differs from Japanese eco-driving, is
being widely implemented as eco-driving [2]. This driving
technique is called German eco-driving. The biggest differ-
ence between Japanese and German eco-driving is how to
accelerate when the vehicle starts moving. This study aims to
evaluate quantitatively the difference in the fuel con-
sumption rates during driving between Japanese eco-
driving and German eco-driving.
2 Position of this Study
The effect of Japanese eco-driving in reducing fuel consump-
tion rates has been verified in various actual driving situations,
including the comparison of before and after education for
transport drivers such as truck drivers [3, 4] and the compar-
ison of before and after instruction of eco-driving for general
drivers [5]. However, there have been few studies of compar-
ison performed in the same conditions.
With regard to German eco-driving, Beusen et al. [6]
reported that the fuel consumption was improved after a driver
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education course on eco-driving was given compared to that
of before, through obtaining the driving data of 8 subjects.
As a comparative study on the effects of Japanese eco-
driving and German eco-driving, the author et al. [7] analyzed
the differences of the effects between Japanese eco-driving
and German eco-driving on the fuel consumption rates based
on the data of actual vehicle experiments. In this study, the fuel
consumption rates were estimated based on the distributions
of velocity-acceleration in normal driving, driving with Japa-
nese eco-driving and with German eco-driving. In addition,
Kato et al. [8] held an eco-driving test-ride event with actual
vehicles to compare the difference between eco-driving while
paying attention to gentle acceleration (equivalent to Japanese
eco-driving in this paper) and while paying attention to speed-
ier acceleration (equivalent to the German eco-driving in this
paper), which proved that both techniques of eco-driving
improved the fuel efficiency compared to normal driving.
As a study using a driving simulator (hereafter called
“DS”), we can look at the study by Hiraoka et al. [9]. In this
study, an experiment was conducted with the condition to
drive following the preceding vehicle in JC-08 mode. It con-
cluded that German eco-driving improves fuel efficiencymore
than Japanese eco-driving does when compared to normal
driving. Furthermore, to conduct an empirical study on open
roads with traffic lights is cited as a future challenge.
Therefore, this study analyzed while focusing on the vehi-
cle behavior between two intersections with traffic lights, and
compared Japanese eco-driving and German eco-driving
about the effect to improve fuel efficiency and the driving
behaviors over short distances on open roads in DS, which has
been rarely discussed in detail until now.
3 Experimental Overview
3.1 Experiment Environment
In this study, an experiment was performed under an environ-
ment with simulated intersections in a virtual space, created by
integrating a DS by Keio University and a traffic simulator
“AIMSUN” [10] (hereafter called “TS”) (hereafter called “TS/
DS integration”). The DS was jointly developed by Keio
University and the National Institute for Land and Infrastruc-
ture Management [11], and is made by MITSUBISHI PRE-
CISION CO., LTD. The TS is made by TSS-Transport Sim-
ulation Systems, S.L.(TSS).
Fig. 1 General picture of driving
simulator
Fig. 2 Summary of experiment scenario
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Our study group has performed computer experiments
using a TS in the study into the effects of signal control and
street parking on smooth traffic flow [12] and in the review
and evaluation of public transportation operational procedures
[13]. And the study also used a DS in our experiments into the
effects of information provision in consideration of human
factors of drivers [14, 15]. Experiments with a TS have the
advantage that we can evaluate traffic flow through a vehicle
group, using a following model of generalized vehicles. On
the other hand, experiments with a DS have the advantage that
vehicle control data can be quantified based on each driver's
driving characteristics. Incorporating these advantages of TS
and DS, we created the TS/DS integration to quantify the
driving action in a heavy traffic situation or under complicated
signal control. This TS/DS integration is for conducting the
driving experiment using a DS in the experimental scenario
which is developed through use of a TS. In addition, the data
output of travel time, delayed time, stopping time and average
velocity can be obtained from the TS, and that of acceleration,
velocity, engine speed, accelerator pedal input, brake pedal
input and the position of the vehicle can be obtained from the
DS.
The DS used in this study is composed of eight image
screens, front, left and right fronts, left and right sides, left
and right rear, and backside (Refer to Fig. 1). A driving image
from 10 projectors is projected to these screens. A 360-degree
field of vision is provided to the driver in the driver seat. The
left and right side mirrors and the rearviewmirror are the same
type as those for actual vehicles, and they capture indirectly
the image on the reverse side of the screen. Furthermore,
swing equipment with six axes is attached to the vehicle body.
All the equipment is collectively controlled using the main
calculator.
In this study, an experimental scenario of a straight open
road was developed using a TS. The scenario begins with the
situation where a vehicle stopped at a traffic light starts mov-
ing. It drives straight for 300 m, then must stop at a signalized
intersection, and drives straight for 300 m. Each subject got
into a DS controlled vehicle which had set that there were
vehicles driving in front and at the back. (Refer to Fig. 2). The
preceding and following vehicles ran according to the vehicle
behavior model programmed in the TS [10], and their speed
limit was set at 50 km/h. The main TS parameters, which
affect drivers of both preceding and following vehicles, were
set as in Table 1. As the vehicular swept path of the preceding
vehicle, the relation between velocity and distance is shown in
Fig. 3.
3.2 Calculation of Fuel Consumption
In this study, the fuel consumption amount calculated based
on the map shown in Fig. 4, which is in the same manner as
the study by Hiraoka et al. [9]. This map is included in the
vehicle motion simulation software, CarSim. It shows the
instantaneous fuel consumption amount (kg/s) for engine
speed and an operation amount on the accelerator of the
ordinary motor vehicle with a 2.5-l gasoline engine. We
calculate the fuel consumption rate km/l from this obtained
amount, the standard density of gasoline 0.76 kg/l and the
vehicle velocity km/h.
Figure 4 shows that in the area with very low accelerator
pedal input, the fuel consumption amount does not change
remarkably even if the engine speed is increasing. When a
vehicle is in a coasting state or a braking state, it is usually
included in this area. In the area with high accelerator pedal
input, the fuel consumption amount increases as the engine
Fig. 3 Relationship between velocity and driving distance of preceding
vehicle
Fig. 4 Fuel consumption rate map
Table 1 Main TS parameters
Item (unit) Mean value (standard deviation)
Maximum desired speed (km/h) 50(0)
Maximum acceleration (m/s2) 3.0(3.0)
Maximum speed (m/s2) 6.0(0.5)
Minimum inter-vehicular distance (m) 1.0(0.3)
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speed increases However, it is rare to accelerate with full
force, with the exception in some particular circumstances,
for example, when merging onto an expressway or driving up
a steep slope. The area with the accelerator pedal input about
0.2 to 0.6, called partial throttle area, can be the area where
both of the accelerator pedal input and the engine speed
become very influential. In particular, an engine speed ex-
ceeding 3,600 rpm will tend to sharply increase the fuel
consumption amount. In this study, the instantaneous fuel
consumption amount (kg/s) is calculated using the accelerator
pedal input and the engine speed obtained with a DS.
Though various models are advocated as fuel consumption
amount estimationmodels, the model in this study was chosen
because it could provide the driving behavior of drivers and
vehicle control data of the DS based on the behavior, enabling
the calculation of the fuel consumption amount using the
accelerator pedal input and the engine speed (Fig. 4).
3.3 Summary of Attribution of Subjects and Instructions
The subjects are five males (age: 22 to 24 years, average age:
22.6 years, standard deviation: 0.8 years). They filled out the
questionnaire about their attribution such as age and
experience in eco-driving before the experiment. Table 2 sum-
marizes the attributes of each subject who participated in this
experiment.
The subjects drove a total of 15 times, 5 times each with
normal driving, Japanese eco-driving, German eco-driving in
this order. The reason for this order is because it was consid-
ered that Japanese and German eco-driving would affect nor-
mal driving if the test with normal driving was carried out after
those with Japanese and/or German eco-driving. As for the
order of Japanese and German eco-driving, it is preferable that
the order be randomly set for each subject, in consideration of
the order effect. In the study, the order was set to avoid the
psychological bias in subjects on safety issues such as getting
too close to the preceding vehicle if German eco-driving
precedes Japanese one. As only 5 subjects participated in the
I:±SD,*:p<0.1
Fig. 5 Comparison of travel time (n =25)
I:±SD,**:p<0.05
Fig. 6 Comparison of fuel consumption rate of each driving technique
(n =25)
I:±SD,***:p<0.01
Fig. 7 Comparison of ratio of coasting state of each driving technique
(n =25)
Table 2 Subject’s attribution
ID Age Driving experience Driving frequency
A 23 4 years
10 months
1–2 times per week
B 22 2 years
2 months
Once in every 2 months
C 24 2 years
11 months
1–2 times per month
D 22 2 years
11 months
1–2 times per week
E 22 4 years
1 month
1–2 times per month
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study, the number of driving times was increased so as to
obtain more data samples for analysis. As a future challenge,
further validation of the experiment with more subjects is
necessary. The subjects received instruction on the driving
technique and practiced how to drive, before the first test of
each driving technique. The instruction is summarized as
below.
& Normal driving
Drive in the same way as they do in their daily lives.
& Japanese eco-driving
1) Press on the accelerator gently using creep phe-
nomenon to start moving (approximately 20 km/
h in 5 s).
2) Minimize accelerating and decelerating as much as
possible and maintain steady acceleration.
3) Release the accelerator early and actively utilize en-
gine braking.
& German eco-driving
1) Accelerate as fast as possible (but not too quickly) to
reach the fuel efficient velocity range (40 to 80 km/h).
2) Release the accelerator after reaching the fuel effi-
cient velocity range and utilize coasting actively.
4 Experimental Results
4.1 Comparison of Travel Time
In this experiment, the travel time from the starting point to the
goal in experimental scenario of Fig. 3 was compared between
the normal driving, Japanese eco-driving and German eco-
driving. The result is shown in Fig. 5.
When the result went through one-way analysis of variance,
the travel time with Japanese eco-driving is longest of all and is
longer than that with normal driving by 1.8 % (1.4 s), and with
German eco-driving by 2.1 % (1.8 s) (p <0.1), as shown in
Fig. 5. Why the travel time with Japanese eco-driving is the
longest of all is considered to be due to “e-start”, one of the
characteristics of Japanese eco-driving, which has gentle ac-
celeration. On the other hand, there is no statistically signifi-
cant difference in the travel time between German eco-driving
which accelerates as fast as possible and normal driving. Based
on these findings, the comparisons of German eco-driving and
Japanese eco-driving with regard to the way of accelerating
reveal that “e-start” used in Japanese eco-driving affects travel
time more.
4.2 Comparison of Fuel Consumption Rate
In this chapter, the fuel consumption rates are compared
among each of the driving techniques. They are calculated
using the fuel consumption rate map, shown in Fig. 4, based
on the accelerator pedal input and the engine speed obtained
from the DS. Firstly, the results of the fuel consumption rates
for each driving technique are shown in Fig. 6.
When the result went through one-way analysis of variance,
the fuel consumption rate with German eco-driving was 4.1 %
(0.48 km/l) higher than that with normal driving, and that of
Japanese eco-driving was 0.87 % (0.1 km/l) lower than that of
normal driving, as shown in Fig. 6. However, no statistically
significant differences were observed in these results.
Fig. 8 Example of accelerator
pedal input and driving distance
(Normal driving)
Fig. 9 Example of accelerator
pedal input and driving distance
(Japanese eco-driving)
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It is shown that the fuel consumption rate with German
eco-driving is 5.1 % (0.56 km/l) higher than that of Japanese
eco-driving (p <0.05).
In general, it is said that driving with Japanese eco-driving
would reduce the fuel consumption rate compared to normal
driving. However, the results of this experiment do not indi-
cate that Japanese eco-driving, which minimizes accelerating
and decelerating, will reduce the fuel consumption rate when
the intervals between intersections are short. Next, we define
the state with 1) no accelerator pedal input nor brake pedal
input and 2) a negative acceleration as the coasting state. The
ratio of coasting state, which is the proportion of the driving
time in the coasting state to the total travel time, is calculated.
The result is shown in Fig. 7. Figure 7 shows that the ratio of
coasting state with German eco-driving is by far the highest,
and that with Japanese eco-driving is the lowest (p <0.01).
Additionally, as an example of driving distance and accel-
erator pedal input for each of normal driving, Japanese eco-
driving and German eco-driving in the scenario for this ex-
periment, the driving data of the third test by Subject A is
shown in Figs. 8, 9 and 10.
As shown in Fig. 9, with Japanese eco-driving, the duration
the accelerator is pressed is long even though the accelerator
pedal input is small because Japanese eco-driving utilizes “e-
start”, whichmade its ratio in the coasting state small. This can
be the reason why the fuel consumption rate with Japanese
eco-driving was worse than that with German eco-driving.
On the other hand, as shown in Fig. 10, the fuel consump-
tion rate with German eco-driving right after the start is higher
because the accelerator pedal input is high at the start. It is
considered that its fuel consumption rate is better than those of
the other driving techniques because when it goes into the
coasting state, it requires little fuel consumption after that.
Thus, this study suggested that Japanese eco-driving would
not always have an effect to reduce the fuel consumption rate
compared to normal driving if a vehicle starts moving and
stops within a short distance, although many previous studies
have reported that as to the effectiveness of eco-driving,
Japanese eco-driving improves the fuel consumption rate.
In addition, we quantified the fuel consumption rates in
driving a short distance with Japanese eco-driving and Ger-
man eco-driving, which was regarded as a problem in the
study by Hiraoka et al. [9]. As a result, we could suggest the
possibility to improve fuel consumption rates with German
eco-driving in such a case where the driving distance from
starting to stopping is short. Further validation should be
necessary in the future, on the influence of differences in
traffic situations such as distance between traffic signals,
traffic volume, mix rate of large-sized vehicles and so on.
4.3 Comparison of Driving Techniques and Headway
Distance
Figure 11 shows the result of one-way analysis of variance on
headway distances with the preceding vehicle for normal
driving, Japanese and German eco-driving. Comparison of
each driving technique based on this Figure shows the trend
that Japanese eco-driving created longer headway distance
than normal driving and German eco-driving.
This is also considered to be caused by the difference
between Japanese eco-driving with gentle acceleration and
German eco-driving with acceleration as quickly as possible
to the fuel efficient velocity range.
As shown in Fig. 11, comparison of each driving technique
with regard to the headway distance indicates that the distance
with Japanese eco-driving is twice as long as those of normal
Fig. 10 Example of accelerator
pedal input and driving distance
(German eco-driving)
I:± SD,**:p<0.05
Fig. 11 Headway distance of each driving technique
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driving and German eco-driving. In addition, a comparison of
each driving technique shows that the headway distance with
Japanese eco-driving varies far more widely than those with
the others.
5 Conclusion
In this study, the fuel consumption rates with normal driving,
Japanese eco-driving and German eco-driving on a straight
open road were compared quantitatively using TS/DS integra-
tion, which enables the performance of experiments repeated-
ly under the same conditions. Though the experiment was
only performed on a 700-m open road, the result indicated
that German eco-driving reduced the fuel consumption rate by
approximately 4 % compared to Japanese eco-driving.
In addition, there were no statistically significant differ-
ences between normal driving and Japanese eco-driving or
German eco-driving. This result suggests that Japanese eco-
driving would not be always helpful to reduce the fuel con-
sumption if the distance from the start to stopping is shortened
due to a traffic signal, or other reasons.
Furthermore, the relationship between driving manner and
headway distance were shown, focusing on the difference in
the driving behavior for each style of eco-driving. The result
suggested that Japanese eco-driving creates headway distance
about twice as long as that by normal driving. It should be
noted that this result is not exactly common, as these figures
were obtained under the condition that the vehicles should
stop two times at traffic signals during their 700-m drive.
In the future, we intend to study quantitatively the effect of
eco-driving on the whole traffic flow in the case of high volume
traffic. In addition, we intend to study in detail the difference
between those subjects who drive with eco-driving techniques
routinely and those who don’t, by performing an experiment
with an increased number of subjects. Moreover, we plan to
analyze the changes in fuel consumption amount depending on
traffic situations, distance between traffic signals, instructions
on eco-driving and so on. Furthermore, we plan to try a new
condition of experiment where a DS controlled vehicle is
driven while reading the movement of the preceding vehicle
in order to drive in the most fuel efficient manner.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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